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THE EFFECT OF COOLING RATE ON THE 
DUCTILE-BRITTLE BEND-TRANSITION TEMPERATURE 

OF CHROMIUM W I R E  

A .  G i l b e r t  and M.  J .  K l e i n  

INTRODUCTION 

Although i t  i s  known t h a t ,  i n  g e n e r a l ,  t h e  d u c t i l e - b r i t t l e  t r a n s i t i o n  
tempera ture  o f  t h e  Group V I - A  r e f r a c t o r y  m e t a l s  i n c r e a s e s  a s  t h e  i n t e r s t i t i a l  
c o n t e n t  increases( ' )  i t  i s  d i f f i c u l t  t o  d i s t i n g u i s h  e f f e c t s  due t o  i n t e r s t i -  
t i a l s  i n  s o l u t i o n  from t h o s e  due t o  t h e  presence  of second-phase i n t e r s t i t i a l  
compounds. The problem o f  making t h i s  d i s t i n c t i o n  h a s  proved t o  be p a r t i c u -  
l a r l y  d i f f i c u l t  f o r  chromium, which h a s  very  low e q u i l i b r i u m  s o l u b i l i t i e s  f o r  
t h e  common i n t e r s t i t i a l s ( l ) a n d ,  i n  t h e  c a s e  of  n i t r o  en ,  very  r a p i d  p r e c i p i t a -  
t i o n  k i n e t i c s  due t o  h i g h  i n t e r s t i t i a l  d i f f u s i v i t i e s y 2 !  I n  view of  t h e s e  d i f -  
f i c u l t i e s ,  i t  i s  n o t  s a f e  t o  assume t h a t  a "quenched" specimen o f  chromium 
c o n t a i n s  a s i g n i f i c a n t l y  g r e a t e r  f r a c t i o n  of i t s  t o t a l  i m p u r i t i e s  i n  s o l u t i o n  
t h a n  does  a "slow-cooled" specimen. 

I n  o r d e r  t o  make a meaningful  comparison o f  t h e  mechanical  p r o p e r t i e s  o f  
quenched and slow-cooled m a t e r i a l ,  some s e n s i t i v e  measure i s  needed of t h e  
amount of  i n t e r s t i t i a l  r e t a i n e d  i n  s o l u t i o n  compared t o  t h a t  p r e s e n t  a s  second 
phase .  The purpose o f  t h e s e  experiments  was t o  make such a comparison on 
chromium which had been quenched a t  a very h i g h  r a t e ,  u s i n g  i n t e r n a l  f r i c t i o n  
a s  an  i n d i c a t o r  of  t h e  amount o f  n i t r o g e n  i n  s o l u t i o n .  N i t r o g e n  h a s  been con- 
s i d e r e d  t o  be t h e  i n t e r s t i t i a l  p r i m a r i l y  r e s p o n s i b l e  f o r  t h e  b r i t t l e n e s s  of  
chromium. 

~ 

EXPERIMENTAL WORK 

C r y s t a l s  of  i o d i d e  chromium were compacted , hot -ex t ruded  , swaged, and 
t h e n  c e n t e r l e s s  ground t o  produce a rod of  l / l 0 - i n c h  d i a m e t e r .  The rod was 
t h e n  warm-drawn t o  w i r e  .017 inch i n  d iameter ,  t h e  m a t e r i a l  on which t h e  ex- 
per iments  were conducted.  A 10-inch l e n g t h  was annea led  i n  a q u a r t z  c a p s u l e  
c o n t a i n i n g  a rgon f o r  1 hour  a t  1150°C,  and was d i r e c t l y  quenched i n t o  water  
( b r e a k i n g  t h e  c a p s u l e )  from 1000°C. P r e v i o u s l y ,  a chromium wire .037 inch  i n  
d i a m e t e r  had been used ' n  experiments  t o  de te rmine  t h e  a c t u a l  c o o l i n g  r a t e  
under  t h e s e  c o n d i t i o n s  .t3) From t h e  output  o f  a thermocouple spot-welded t o  
t h e  specimen s u r f a c e  ( recorded  u s i n g  a cathode-ray o s c i l l o s c o p e ) ,  t h e  s u r f a c e -  
c o o l i n g  r a t e  was found t o  be-900O0C/second. It i s ,  t h e r e f o r e ,  r e a s o n a b l e  t o  
e x p e c t  t h a t  t h e  c o o l i n g  r a t e  f o r  t h e  p r e s e n t  t h i n n e r  wire was a t  l e a s t  t h i s  
h i g h ,  and probably h i g h e r .  The h e a t  t rea tment  produced a r e c r y s t a l l i z e d  s t r u c -  
t u r e  c o n t a i n i n g  approximately 40 g r a i n s  i n  a c r o s s - s e c t i o n  a r e a ,  and chemical 
a n a l y s i s  showed t h e  w i r e  t o  c o n t a i n  50 pprn oxygen, 2 ppm hydrogen, 15 ppm 
carbon,  and n i t r o g e n  i n  t h e  range 10-15 ppm. 
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A 152°C aging  curve  was obta ined  i n  one-ha l f  o f  t h e  quenched wire ,  t a k i n g  
i n t e r m i t t e n t  i n t e r n a l - f r i c t i o n  r e a d i n g s  (0.7 c y c l e s  p e r  second) .  Af te r  3000 
m i n u t e s ,  t h e  i n t e r n a l - f r i c t i o n  peak was found t o  have decreased  t o  t h e  back- 
ground leve l ,  i n d i c a t i n g  t h a t  t h e  n i t r o g e n  r e t a i n e d  i n  s u p e r s a t u r a t e d  s o l i d  
s o l u t i o n  by t h e  h i g h  quenching r a t e ( 3 )  had f u l l y  aged o u t .  Specimens were c u t  
from t h e  h a l f  o f  t h e  wire s t i l l  i n  t h e  quenched s t a t e ,  and a l s o  from t h e  f u l l y  
aged m a t e r i a l ,  f o r  comparat ive bend tes ts .  Because of t h e  r e l a t i v e l y  smal l  
l e n g t h  of  wire a v a i l a b l e ,  a 3 - p o i n t  bend j i g  was c o n s t r u c t e d ,  which was capa- 
b l e  of  t e s t i n g  specimens g r e a t e r  i n  l e n g t h  than  5/16 i n c h .  The specimens were 
e l e c t r o p o l i s h e d  and t e s t e d  a t  0.1 inch/minute  c rosshead  speed on a table-model  
I n s t r o n ,  e l e v a t e d  tempera tures  be ing  obta ined  i n  an  e l e c t r i c a l l y  h e a t e d  s i l i -  
cone o i l  b a t h .  

EXPERIMENTAL RESULTS 

The ag ing  curve  f o r  t h e  chromium wire, r e p r e s e n t e d  by t h e  d e c r e a s i n g  
h e i g h t  of  t h e  i n t e r n a l - f r i c t i o n  peak with i n c r e a s e d  ag ing  t i m e ,  i s  presented  
i n  F i g u r e  1. The convers ion  t o  ppm n i t r o g e n  i s  o b t a i n e d  u s i n g  Reference  3. 

Bend- tes t  r e s u l t s - f o r  quenched and f o r  quenched and aged chromium wire ,  
cor responding  t o  t h e  beginning  and end ,  r e s p e c t i v e l y ,  o f  t h e  c u r v e  of  F i g u r e  1 
a r e  l i s t e d  i n  Table  1. 
found t h a t  t h e  t r a n s i t i o n  from d u c t i l e  t o  b r i t t l e  behavior  was ex t remely  s h a r p ,  
i n  t h a t  a specimen e i t h e r  f a i l e d  i n  a completely b r i t t l e  manner ( d e s c r i b e d  a s  
b r i t t l e  i n  Table  1) o r  b e n t  t o  t h e  maximum e x t e n t  p e r m i t t e d  by t h e  j i g  ( d u c t i l e  
i n  Table  1). The lowest  tempera ture  a t  which a quenched specimen was d u c t i l e  
was 74°C below t h e  lowes t  tempera ture  a t  which a n  aged specimen was d u c t i l e ,  
and t h e  h i g h e s t  t empera ture  a t  which a quenched specimen was b r i t t l e  was 97°C 
below t h e  e q u i v a l e n t  tempera ture  f o r  aged m a t e r i a l .  Thus,  r e g a r d l e s s  of  how 
t h e  d u c t i l e - t o - b r i t t l e  t r a n s i t i o n  i s  d e f i n e d ,  t h e  quenched m a t e r i a l  h a s  a 
t r a n s i t i o n  tempera ture  between 74 and 98°C below t h a t  f o r  aged m a t e r i a l .  
t i l e  specimens e x h i b i t e d  y i e l d  d r o p s  on t h e  load- t ime curve  which were more 
pronounced f o r  quenched t h a n  f o r  aged specimens t o  t h e  e x t e n t  shown i n  Table  1. 

A s  h a s  been seen p r e v i o u s l y  f o r  chromium(4) , i t  was 

Duc- 

DISCUSS I O N  

P r e v i o u s  i n v e ~ t i g a t i o n s ( ~ - ~ ) i n t o  t h e  e f f e c t  o f  c o o l i n g  r a t e  on t h e  
d u c t i l e - b r i t t l e  t r a n s i t i o n  tempera ture  o f  chromium have shown "quenched" ma- 
t e r i a l  t o  b e  more b r i t t l e  t h a n  "furnace-cooled" m a t e r i a l ,  i n  c o n t r a s t  t o  t h e  
p r e s e n t  r e s u l t s .  Recent  exper imenta l  r e s u l t s ,  however,  s u g g e s t  t h a t  t h e  
quenching r a t e s  used i n  p r e v i o u s  work have been i n s u f f i c i e n t  t o  m a i n t a i n  

~ ! ~ l ~ i ~ t 8 y  which shows t h a t  quenching r a t e s  g r e a t e r  t h a n  1000"C/second a r e  
n e c e s s a r y  t o  r e t a i n  even 20-30 ppm i n  s o l u t i o n .  The l a r g e r  specimens used i n  
p r e v i o u s  i n v e s t i g a t i o n s ( 5 - 7 )  t o g e t h e r  with u s e  of  o i l  a s  a quenching medium(5~7) 
could  n o t  have p e r m i t t e d  such a h i g h  cool ing  r a t e .  Furthermore,  p r e v i o u s  work 
h a s  been performed on chromium c o n t a i n i n g  h i g h e r  n i t r o g e n  c o n c e n t r a t i o n s  which, 
a g i n g  s t u d i e s  have shown(3 y 9 ) ,  i n c r e a s e s  t h e  k i n e t i c s  of n i t r i d e  p r e c i p i t a t i o n ,  
and c o r r e s p o n d i n g l y  i n c r e a s e s  t h e  c r i t i c a l  c o o l i n g  r a t e  n e c e s s a r y  t o  m a i n t a i n  
t h e  n i t r o g e n  i n  s o l u t i o n .  I n  t h e  l i g h t  o f  t h e s e  c o n s i d e r a t i o n s ,  i t  seems 
l i k e l y  t h a t  t h e  quenching r a t e s  used p r e v i o u s l y  served  p r i m a r i l y  t o  modify t h e  
morphology and d i s t r i b u t i o n  of  t h e  n i t r i d e  phase r a t h e r  t h a n  t o  m a i n t a i n  a l l  
t h e  n i t r o g e n  i n  s o l u t i o n .  This c e r t a i n l y  seemed t o  be t h e  c a s e  i n  e a r l i e r  
work by one of t h e  p r e s e n t  a u t h o r s ( l 0 )  i n  which quenched t e n s i l e  specimens 
gave e v e r y  i n d i c a t i o n  of  b e i n g  d i s p e r s i o n  hardened by a much f i n e r  p r e c i p i t a t e  
t h a n  d i d  slow-cooled specimens.  

en i n  s o l u t i o n .  T h i s  conclus ion  i s  based on t h e  d a t a  quoted i n  
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TABLE 1. BEND-TRANSITION BEHAVIOR OF .017-INCH-DIAMETER CHROMIUM W I R E  

B r i t t l e  
T e s t  Upper Lower Y i e l d  F r a c t u r e  

Specimen Temp. , Bend Y i e  I d  Po i n  t Y i e  Id- Po i n  t Drop J Load , 
Number "C Behavior Load, l b  Load, l b  % l b  

1 30 
2 53 
3 71 
4 85 
5 9 4  
6 98 
7 105 
8 113 
9 129 

10 142 
11 1 6 4  

1 2  30 
1 3  105 
14 128 
15  145 
16  166 
17 192 
18 195 
1 9  225 
20  2 60 

B r i t t l e  

D u c t i l e  
B r i t t l e  
D u c t i l e  
B r i t t l e  
D u c t i l e  

I 1  

I 1  

II 

II 

11 

B r i t t l e  
II 

11 

D u c t i l e  
B r i t t l e  
D u c t i l e  
B r i t t  l e  
D u c t i l e  

11 

Quenched Wire 

Pre l iminary  t e s t ;  no l o a d  r e c o r d e d .  
-- -- -- 

1.08  0.84 29 

1.07 0.86  2 4  

0.96 0.72 33 
1.30 1.14 12 
1 . 5 2  1.32 15  
1.03 0.75 37 
1.12 0 . 9 8  14 

-- -- -- 

-- -- -- 

Quenched and Aged Wire 

Pre l iminary  t e s t ;  no l o a d  recorded .  
-- -- -- 
-- -- -- 

0.87 0.84  3 

0.72 0.64  1 2  

1.09 0.91 20 
0 .89  0.78 15 

-- -- -- 

-- -- -- 

TABLE 2 .  NITROGEN RETAINED I N  SOLUTION 
I N  CHROMIUM AS A FUNCTION OF 
COOLING RATE 

Cooling Times and Approximate 
Cooling R a t e s  From 1000 t o  100°C N i t r o g e n  , 
T i m e ,  s e c .  Rate , 'C/sec.  ppm 

0.1 N9000 2 6  
25 40 6 

200 5 2 
1,800 0.5 <1 

10 , 800 0.09 - 

I 
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I n  t h e  p r e s e n t  work, however, t h e  d a t a  i n  F i g u r e  1, t o g e t h e r  w i t h  t h e  
n i t r o g e n  a n a l y s i s ,  show t h a t  a l l  t h e  n i t r o g e n  p r e s e n t  i n  t h e  m a t e r i a l  i s  i n  
s o l i d  s o l u t i o n  a s  a r e s u l t  of t h e  quench, and t h a t  a f t e r  ag ing  f o r  t i m e s  
g r e a t e r  t h a n  3000 minutes  i t  i s  l a r g e l y  p r e s e n t  a s  a p r e c i p i t a t e d  phase i n  
accordance  w i t h  t h e  p r e d i c t i o n s  of  e q u i l i b r i u m - s o l u b i l i t y  d a t a ( l ) .  
a p p e a r s  t h a t  n i t r o g e n  completely i n  s o l u t i o n  i s  less  d e t r i m e n t a l  t o  d u c t i l i t y  
(see T a b l e  1) than  when p r e s e n t  a s  a second phase.  However, r e f e r e n c e  t o  
e a r l i e r  ~ o r k ( 5 ' ~ )  s u g g e s t s  t h a t ,  g iven  t h e  presence  of a second phase i n  both 
quenched and furnace-cooled chromium, a g r e a t e r  c o n c e n t r a t i o n  o f  n i t r o g e n  re- 
t a i n e d  i n  s o l u t i o n  by a h i g h e r  c o o l i n g  r a t e  can l e a d  t o  f u r t h e r  e m b r i t t l e m e n t .  

Thus, i t  I 
I 
I 
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